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SUMMARY
This study intends to investigate the dllatometry, or 
the observed voiime changes, associated with the precipi­
tation of monodisperse silica spheres in ethanoic solution. 
Rates of precipitation may ultimately be calculated from the 
observed changes in the density of the solution with time.
The study involved three reactants: tetraethyl ortho­
silicate (TEOS), vcter, and ammonia in an ethanol solvent 
medium. Two concentrations were studied: .17 M TEOS, 2.0 M 
water, and 1.3 M ammonia and .17 M TEOS, .75 M water, and 0.50 
M ammonia. A study where particles were studied at .17 1. 
TEOS, 1.0 M ammonia and water concentrations from 23.8 M to 
1.8 M was also completed. A "seeded growth" study was per­
formed where varying amounts of TEOS were injected into seed 
particle suspensions of 0.17 M TEOS, 2.0 M water, and 1.3 M 
ammonia.
The total volume change observed could be predicted well 
with a thermodynamic analysis of non-ideal volumes changes. 
The total volume change observed In the seeded growth runs was 
directly proportional to the amount of TEOS injected. The 
varying water study proved that particles of same final 
average size but with different water concentrations do not 
follow the same rate of reaction. Although no quantitative 
analysis on the rates of reaction were performed, rates could 
be qualitatively analyzed from the shape of the volume versus
time curves.
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I.
INTRODUCTION
Colloidal particles with well defined size and a narrow 
size distribution are of great Interest In studies of col­
loidal science. Nonodlsperse colloidal dispersions are also 
Important to the commercial processing of ceramics. Scientif­
ically, monodlsperse particles are Important because:
1. Monodlsperse particles make good standards for cali­
brating analytical Instruments (1).
2. Monodlsperse dispersions are essential for the evalua­
tion of the optical, magnetic, electroklnetlc, or adsorptive 
properties of colloidal material and for the theoretical Inter­
pretation of the Interactions that involve such particles (2).
3. Monodlsperse sols with uniform spheres may be to ap­
plied to theoretical treatments of heterogeneous systems that 
utilize spherical symmetry.
Commercially, monodlsperse colloidal suspensions are im­
portant to ceramic industries because:
1. Monodlsperse particles have desirable packing proper­
ties that increase the resiliency of ceramics.
2. Monodlsperse particles are easily characterized, fac­
ilitating process control devices.
3. Because of their small size, monodlsperse particles 
decrease the sintering temperature of ceramics and possess 
desirable adsorptive and catalytic properties because of the 
greater specific surface area of these particles.
Despite the Importance of monodlsperse particles, the 
rates and mechanism of the reactions synthesizing these part­
icles are not fully understood. This is. in part, due to a 
lack of kinetic data which relates particle growth to solution 
cheaistry. In this study, the kinetics of precipitation of 
colloidal silica was Investigated by a dllatometrlc technique 
to develop an understanding of the basic r*.te processes occur­
ring during particle synthesis. The major goals were:
1. to develop the dllatometrlc techniques for use with 
the preparation chemistry proposed by Stober, Pink and Bohn 
(1 ) .
2. to extract rate constants of precipitation from the
data.
SURVEY OP LITERATURE
The dispersion studied here was synthesized by reacting 
water and ammonia with tetraethyl orthosilicate (TEOS). 
Previous work on alkyl ollicate systems has been done, and the 
formation of the colloid can be characterized by two discreet 
reactions (1). First, the TEOS is hydrolyzed to silicic acid:
Si (OC2H5) 4 ♦ H2O ----► Si (OH) 4 + 4 C2H5OH
The silicic acid then undergoes a condensation polymerization 
reaction in which water Is eliminated to produce the colloid:
Si (OH)4 ----► Si02(s) + H20
Ammonia acts as a morphological catalyst by reacting with the 
silicic acid and forming Its congugate base. The resulting 
negative charge on the silica creates a stable species due to 
the electrostatic repulsion between the particles. Stober (1) 
found that in the absence of ammonia, the silica flocculated in 
Irregularly shaped particles and no spheres could be observed.
The kinetics of the condensation polymerization of silica 
in supersaturated aqueous solutions at room temperatures has 
been extensively studied. Rothbaum reported maximum polymeri­
zation rates occurring between a pH of 6 and 9, and minimum 
rates at a pH of 2. Above a pH of 9, the solubility of amor­
phous silica increases rapidly, thus reducing the extent at 
which polymerization can take place (3). A number of authors 
have also stated that between about 20 and 60°C, rates of 
silica polymerization approximately followed the Arrhenius 
equation.
The investigation of the mechanism of the polymerization
V-
and depolymerization of dissolved silica was first system­
atically studied by Baumann (4) who noted "induction times" 
where the dissolved silica concentration does not change for 
some period of time at the start of the reaction, but drops 
fairly rapidly thereafter. Makrldes et al. were the first to 
explicitly recognize the role of homogeneous nucleation in 
silica polymerization, and to clearly distinguish the roles of 
homogeneous nucleation and molecular deposition in the polymer­
ization (5). They also concluded that molecular deposition on 
the polymeric silica Involves the ion Si(OH)3O ~.
Monodisperslty of silica colloidal particles can be 
explained by two current models of particle formation. The 
model of deposition growth is as follows (6):
1. formation of silica polymers of less than critical 
nucleus size
2. nucleation of an amorphous silica phase in the form of 
colloidal particles
3. growth of the supercritical colloidal particles by 
molecular deposition
Monodispersity is achieved because particles nucleated rapidly 
in a narrow time range and afterwards grow at the same rate by 
a self-sharpening size distribution mechanism. The model of 
aggregative growth is as follows:
1. particles nucleate at a critical nucleus size
2. nucleated particles then aggregate until they reach a 
stable size
Monodispersity is achieved from the surface chemistry of the 
silica particle which establishes the smallest stable colloid.
The study here was undertaken to determine which of the above 
two mechanisms is applicable to our silica system.
Stober, Fink and Bohn synthesized colloidal silica par­
ticles using the following recipe (1). Reagent grade TEOS was 
redistilled before use, and ammonium hydroxide was used as 
supplied. At very low water concentrations, ammonium hydroxide 
could not be used since the water content would be too high, 
and it was necessary to bubble ammonia gas through ethanol for 
desired concentrations of reactants. In this study, however, 
this procedure was never necessary. Before the run, absolute 
ethanol, ammonium hydroxide, and distilled water (if necessary) 
were mixed in an Ehrlenmeyer flask with ground glass stoppers 
or in sealed rubber injection bottles in the desired concentra­
tions. Ammonia concentrations were first determined by 
titration with 1 N HC1. Additional water was then added, when 
necessary, to fractions introduced by the ammonium hydroxide 
in order to obtain the correct water concentration. TEOS was 
finally added, and the flasks were mounted either on a shaker 
or in a water bath under ultrasonic vibration. Tests were 
made while the solution was agitated by a magnetic stirrer. 
Any method of agitation was found to be effective, and the 
condensation polymerization of silica was generally observed 
to start from within 10 minutes to 30 minutes after the intro­
duction of TEOS. The condensation of the supersaturated 
silicic acid is indicated by a an increasing opalescence and 
milkiness of the solution. After 120 minutes into the reac­
tion, electron microscope grids were dipped into the solution 
to obtain random particle samples for sizing.
Dilatometry Is the study of change of volume of a system, 
or the rate at which molar densities in a system are changing 
with time. No previous work on the dllatometry of monodlsperse 
colloidal sols could be found. Measurements of volume changes 
on other precipitation reactions, however, have been studied. 
(Jemoto (7) measured volume changes on the formation of precip­
itates of carbonates and phosphates of cadmium and calcium in 
aqueous solutions. The dilatometer usrd was designed with two 
compartments that separated reactants with a flat disk that 
rested on a hole between the two compartments (Plgure la). The 
dilatometer was inverted and the disk gravitationally discon­
nected from the hole to allow the reactants to mix (Figure lb). 
A cathetometer was then used to measure the height of liquid 
level in the capillary tube. Uemoto noted that for his stu­
dies, the temperature must be constant to better than 0.001°C.
7.
(a) dilatometer (b) dilatometer
A-disk after inversion
B-hole 
C-capillary
Figure 1 - Dilatometry Design of Uemoto
EXPERIMENTAL PROCEDURE
Materials
Reagent grade TEOS (Fisher Co.) was redistilled at 98°C 
at a vacuum of 27 in/Hg for about 2 hours for each 100 ml por­
tion. Ammonium Hydroxide (Mallinckrodt) was used as supplied.
An ammonia concentration of 14.4 M was obtained by titration with 
1 M HC1. Deionized water was added in studies when the water 
from the ammonium hydroxide was not sufficient. The water was 
ultrapure; filtered through a Barnstead NANOpure II filtering 
system with resistance greater than 18.3 megaohm-cm. Absolute 
ethanol (U.S Industrials Chemicals Co.) was used as supplied 
as solvent for all particles synthesized.
Dilatometry Design
The main compartment of the dilatometer used (Figure 2), 
referred to as the reaction flask, was made from a Pyrex glass 
100 ml round bottom flask. On one side of the lower half of 
the flask was a 12 mm diameter screw cap fitting. On the other 
side was a teflon stopcock fitting 15 mm from the reaction 
flask. A 15 mm section of glass tubing protruded out of the 
stopcock fitting onto which a 500 mm section of 3/8 X 5/16 in. 
transparent tygon tubing was clamped with a metal screw clamp.
At the other end of the section of tubing was a 50 mm section 
of glass tubing with a female leur syringe fitting clamped In 
place fo the fitting extended out of the tygon tubing. A 220mm 
long section of 6 X 2 mm glass tubing on the top of the reac­
tion flask was used as capillary tubing. The capillary tube 
was capped by a 15 mm serum cap. Agitation is provided by a
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20 mm egg-shaped magnetic teflon stir bar. Two dllatometers 
were employed for all runs - Dilatometer #1 or Dilatometer #2, 
referred to hereafter as #1 or #2. Calibration with water de­
termined the total volumes of the dllatometers:
#1 - total volume == 101.0 ml ±0.1 ml
#2 - total volume - 120.0 ml + 0.1 ml
The thermostat (Figure 3) was comprised of a 21 1 glass
cylinder water bath. A coll (copper or glass) housing cold 
running tap water provided a heat sink while a Techne Tempette 
TE-8A heater/stirrer heated the bath to constant temperature 
and kept the bath well mixed. Temperatures were maintained to 
within 0.01-0.02°C. The thermostat rested on a Corning PC-103 
magnetic stirring plate in order to spin the stir bar.
Experimental Method
Before each run, the dilatometer and corresponding items 
were cleaned by a method suggested by Van Helden (8). The 
dirty items were rinsed with a 2% hydroflourlc acid solution to 
etch away any silica residues. For particularly thick depo­
sits, concentrated hydroflourlc acid was used for complete 
dissolution of the silica deposits. The items were then soaked 
in warm soapy water, rinsed with warm tap water, rinsed with 
tap distilled water, rinsed with the Barnstead ultrapure water, 
and finally rinsed with ethanol to insure no residual water 
remained in the clean items and to allow for more rapid drying. 
The section of tygon tubing was also rinsed with ethanol and 
allowed to dry before being clamped to the dilatometer.
Two types of runs were performed, referred to as either 
"kinetic" or "seeded growth". Kinetic runs were simply the
11.
Figure 3 - Thermostat with dilatometer in place
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synthesis of the monodisperse silica particles and were conduc­
ted as follows:
After all items had dried, the dilatometer was filled with 
the correct volumes of ammonium hydroxide and ultrapure water 
if necessary. Water was pipetted in, while ammonium hydroxide 
was introduced by a bottle equipped with an automatic pippette. 
Volumes were calculated in proportions accounting for the in­
troduction of TEOS. The dilatometer was then filled to volume 
with ethanol and the capillary tube was capped by a serum cep 
after a desirable height of liquid in the capillary tube was 
adjusted by inserting a needle and syringe and adding ethanol. 
The serum cap was tightly sealed by clamping a 20 mm section 
of thick rubber tubing around the serum cap with a metal 
screw clamp. The tygon tubing was then entirely filled with 
TEOS. The dilatometer was then clamped in place in the ther­
mostat. Only the top of the capillary tubing and the top 
of the female leur fitted glass tubing protruded above the 
liquid level of the water bath. After thermal equilibration 
or when the height in the capillary tube was constant, a gas- 
tight teflon syringe with male leur fitting filled with the 
appropriate amout of TEOS was Inserted into the female leur 
fitted glass clamped in the tygon tubing. A hyperdermic needle 
with an open-ended syringe casing was punctured through the 
serum cap and Inserted down into the reaction flask. The 
stopcock was then opened and the TEOS Injected from the top of 
the tube. This forced TEOS out of the tygon tube section and 
into the reaction flask while simultaneously blowing the 
ammonla/water/ethanol solution out of the reaction flask and
into the open-ended syringe. Stirring was maintained at a slow 
speed (150-200 rpm) to insure mixing but not fast enough to 
cause shear-induced flocculation. Immediately following the 
injection of TEOS, the height of liquid level in the capillary 
tube was recorded as a function of ^ime using a vernier cathe- 
tometer (+ 0.001 cm) and a stopwatch. Solutions were stirred 
for at least 20 hours to insure that the reaction was complete. 
Finally, a Formvar- and carbon-coated copper electron micro­
scope grid was dipped into the solution and placed on filter 
paper to dry in order to obtain electron micrographs of the 
particles.
Seeded growth studies were performed as follows:
Particles were synthesized as in the kinetic runs. Solu­
tions were again stirred for at least 20 hours. While the dll- 
atometer remained In the thermostat, an additional quantlt of 
TEOS was Injected Into the dispersion in the reaction flask. 
The method of injection was exactly the same as the kinetic 
runs; TEOS was introduced while simultaneously expelling the 
silica suspension into the open-ended syringe. After the
injection of TEOS, the height of liquid in the capillary tube 
was recorded as a function of time.
Important Design Details
For this colloidal system, several details were important 
in the design of a workable dilatometer:
1. A design where the solution in the dilatometer and 
TEOS are in thermal equilibrium when TEOS is introduced is 
imperative. Injection of TEOS out of the thermostat and then 
replacing the dilatometer into the thermostat leads to
unreproducible data.
2. A design where the dilatometer is strongly sealed is 
important since ammonia bubbles are nucleated in the early 
stages of the reaction. In a sealed vessel, an equilibrium 
pressure is attained, and bubbles ultimately cease to nucleate.
3. The capillary tube must be attached to the top center 
of the reaction flask so nucleated bubbles may rise and escape 
up the tube. No other fittings may be attached to the upper 
half of the redaction flask for they will trap bubbles and lead 
to unreproducible results. Dilatometers with a ground glass 
stopper and siie-arm capillary tubing such as the design used 
by Uemoto were tested but nucleated bubbles in the system lead 
to erroneous measurements.
4. The stirring of the solution must be constantly main­
tained. If stirring ceases, heat effects from the reaction 
lead to observable changes in height of the liquid. The speed 
is not of importance. At high speeds, however, flocculation 
may occur. Our samples never flocculated.
Runs Performed
All runs were referred to as KIN for kinetic or SG for
seeded growth. All raw data can be found in the Appendix. The
height of the liquid at zero time was found by fitting the
first 5 to ’> data points to a second order polynomial and
extrapolating to zero time. All data was reported as "extent
of reaction" versus time or actual height change of the liquid
in the tube versus time. Extent of reaction was expressed as:
H-Hr where H * height at time t
Hf- H0 « initial height at t*0
Hf * final height at t*infinity
Kinetic runs included the following:
1. A study on particles with concentrations of 0.17 H
TEOS, 2.0 M H2O, and 1.3 M NH3. These will be referred to as 
'’larger” particles. Performed in both #1 and #2.
2. A study on particles with concentrations of 0.17 M
TEOS, 0.75 M H2O, and 0.50 M NH3. These will be referred to 
as "smaller" particles. Performed in #1.
3. Particles attain a maximum average final size for
increasing water concentration at constant ammonia and TEOS 
(Figure 4) (9). A study on particles with the same final
average size but with different water concentrations was 
performed to compare the rate of reaction for each. Figure 5 
shows the concentrations selected. This study will be referred 
to as the* "water study" and was performed in #1 .
Seeded growth runs included the following:
1, Injection of 2, 3, 5, and 8 ml portions of TEOS into 
previously synthesized "larger" particles. Performed in #1.
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Figure k - Particle size vs. water concentration (9)
( 0.1? M TEOS, 1.0 K ammonia)
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Figure 5 - Concentrations selected for water study
RESULTS
Kinetic Studies
A study on the larger particles was performed (Figure 6). 
Different dilatometers produced similar results. A period of 
constant volume was noticed from about 7 minutes to 15 minutes 
into the reaction and occurring at about 60* of the total 
height change in the tube. Figure 7 shows this constant volume 
period more clearly. Note how reproducible the runs were. At 
90 minutes the reaction is about 80* complete but the height of 
liquid does not become steady until about 220 minutes into the 
reaction. The average total height change was 0.825 cm in #1, 
1.354 cm in #2, as expected from the larger dilatometer volume. 
Monodisperse spheres were successfully synthesized in the dil­
atometer (Figure 8), and the average particle diameter was 
420 nm.
The results of the smaller particle study are shown in 
Figure 9. A period of constant volume followed by a decrease 
in volume was noticed at about 60* of the total volume change. 
This plateau period was slightly longer than the larger part­
icle's period, beginning at 5 minutes into the reaction and 
ending after about 20 minutes. After 90 minutes, the reaction 
was also about 80* complete, but the level continued to rise 
slightly even after 20 hours. The final height was taken to be 
the height at 20 hours. Monodisperse particles with average 
diameter of 170 nm were obtained (Figure 10).
The water study is shown in Figure 11. The rate of reac­
tion for particles with equal final size but different water 
concentration certainly is not the same. At low water concen-
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trations near those of the larger and smaller particles, res­
ults similar to the larger and smaller particles were obtained. 
The run at 7.5 M water was not completed because a sudden 
decrease in height at long times forced the level in the tube 
into the reaction flask.
The dissipation of heat from the system was initially a 
concern. A temperature study was performed where a thermometer 
was fitted into the flask. The temperature of the solution was 
recorded, and the following was found:
1. With the bar spinning, the solution temperature equaled 
that of the thermostat, within the 0.002-0.003°C fluctuation.
2. When the stir bar ceased to spin, however, the 
temperature of the solution increased as much as 0.150°C, 
producing a 0.108 cm change of liquid height. Ultimately, how­
ever, it was concluded that heat effects were not important to 
results since the data was reproducible, and a particular water 
run resulted in a negative height change, a result not possible 
if heat effects were large.
Seeded growth Studies
The seeded growth study is shown in Figure 12. In the 
runs with 2, 3, and 5 ml additions of TE0S, a constant volume 
period was noted from about 5 minutes to about 15 minutes into 
the reaction. An addition of 8 ml to the seed particles, 
however, resulted in a monotonic Increase of volume with no 
plateau period. The total volume change varied linearly with 
the amount of TB03 injected (Figure 13). The relationship may 
be expressed as follows:
Total Change (cm) « 0.425 * TEOS Injected (ml)
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DISCUSSION
Non-ideal mixing volumes
The total non-ideal volume change associated with this 
reaction is given by the equation:
dVtot = dMreos t VS102 * ” 8 1 0 2 + 4 * vEtOH * MEtOH
-  Vt EOS * Mt e o s  -  2 * vH 2 0  * Hh2 o
+ 4 * wEtOri * <*vmEt
- 2 * Wh 20 * dVmH2 ]
where:
dVtot * the total volume change of the system (ml) 
dMygoS * the change of moles of TEOS (moles)
Vj * the specific volume of each speclss (ml/g)
Mj * the molecular weight of ethanol (g/mole) 
dVnEt * the non-ideal volume change of ethanol (ml/g)
dVmH2 “ the non-ideal volume change of water (ml/g)
The coefficients of 4 and -2 come from the overall equation of
the reaction: two moles of watsr are consumed and four moles of
ethanol are produced for every mole of TEOS that reacts.
Figure 14 shows the well known graphical method for 
obtaining non-ideal volume changes. A 11ns tangent to the plot 
of volume of eolution vereus mass fraction at a certain maes 
fraction gives the partial molar volume of each species at Its 
corresponding axis. The difference between the actual specific 
volume and partial molar volume of the species le the non-ideal 
volume change of the species.
For our system, the ethanol-water data in Figure 14 was 
followed to estimate non-ideal volume changes. Ammonia and 
TEOS In the system were assumed to behave as water. The 
corresponding total expected volume change of the system was 
then calculated.
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Figure 1*1 - Specific volume of aqueous ethanol
solution showing non-ideal volume change
Data taken from (10).
a. Kinetic Runs
Figure 15 shows a comparison of the actual change in 
volume to the expected calculated change in volume. The 
non-ideal mixing volumes predict closely the volume changes 
encountered at different concentrations, The expected trend 
of the total volume change for a system as shown increases 
with increasing water concentrations from a positive to a 
negative value.
b. Seeded growth Runs
Recall that the total height change in the seeded growth 
runs varied as follows:
Total Change (cm) = 0.425 * TEOS Injected (ml)
or Total Change (ml) * 2.930 ♦ TEOS Injected (moles)
This may be predicted by non-ideal volume analysis by assuming 
the water and ethanol concentrations in the larger seed par­
ticles do not change greatly over the course of the reaction. 
The concentration of water actually changes from 1.66 to 0.86 M
after an injection of 8 ml TEOS. These concentrations lie at
high-ethanol areas of the ethanol-water ^urve, and the non- 
ideal volume change will not change greatly with small changes 
in concentrations of water and ethanol Assuming the non-ideal 
changes are essentially zero, the total volume change is simply 
proportional to the amount of TEOS injected, or:
Total Change (ml) * 3.659 ♦ TEOS Injected (ml)
as predicted with non-ideal volumes, compared to:
Total Change (ml) * 2.930 * TEOS Injectel (ml)
found experimentally.
SYSTEM:
larger particles;
0.17/2.0/1.3 
(TEOS,H20 ,HH3)
TOTAL EXPECTED 
CHANGE (ml)
0.0557
TOTAL ACTUAL 
CHANGE (ml)
0.0259 
(in #1)
smaller particles; 
0.17/0.75/0.50
0.0965 0.1007
(after 20hrs)
water runs:
0.17/23.8/1.0 0.13 59 0.0816
0.17/13.5/1.0 -0.0689 40.0324
0.17/7.5/1.0 +0.0167 ?
0.17/3.8/1.0 +0.0314 40.0762
0.17/1.8/1.0 
■-—------------- 40.0668 40.0561
Figure 15 - Table of predicted volume changes compared
to actual volume changes observed
Rates of Reactions
The rates of the different reactions occuring determine 
the slopes of our various plots versus time. Constant volume 
periods are probably due to the rate of one reaction increasing 
the volume of the solution while another reaction rate forces 
the volume of the system down, resulting in a net volume change 
of zero.
The data obtained show three distinct reaction rates 
(Figure 16). The initial reaction that forces the reaction 
volume to increase is probably hydrolysis of the TEOS. The 
polymerization of the silicic acid probably forces the volume 
of the system to decrease, forcing the total volume of the 
system to remain constant for this partir.iiar study. A 
molecular addition step with positive volume change then forces 
the total volume of the system to increase again. Further 
analysis of the data should be done, however, to evaluate rate 
constants and predict them to expected values.
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Figure 16 - 3 distinct reaction ra~es in the precipitation
of larger particles
OTHER EXPERIMENTS
Conductivity Study
A special screw cap electrode was constructed with 
platinum wires (Figure 17) for use in the dilatometer. The 
conductivity of the larger particles was recorded as a function 
of time (Figure 18). It is interesting to note that the 
maximum conductivity of the solution coincides with the end of 
the constant volume period observed during dilatometry (Figure 
19) .
Particles with KOH
Five solutions were prepared with potassium hydroxide 
concentrations varying from 0.01 M to 0.0001 M (2.0 M water, 
1,3 M ammonia). Condensation times increased from about one 
minute for the 0.01 M particles to about 30 minutes for the 
0.0001 M dispersion. Figures 20-23 are micrographs of some of 
the species. Moi odisperse particles were obtained although 
they were very separated and small compared to other 
flocculations in the solution. A dilatometry study was
performed on 0.001 M KOH particles (Figure 24). Note the 
reaction is completed very quickly.
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Figure 17 - Special screw cap conductivity electrode
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CONCLUSIONS
1. The design of our dilatometer was successful in 
measuring volume changes during the synthesis of monodisperse 
silica spheres.
2. The heat of reaction of the solution was dissipated 
simply by constant stirring and did not effect the results.
3. The total volume change of the solution was predicted 
well by ethanol-water non-ideal volume changes.
4. The total volume change occuring when TEOS is injected 
into a suspension of seed particles is proportional to the 
amount of TEOS introduced.
5. The rate of reaction forming particles with the same 
final average size but at different water concentrations appear 
to be different.
6 . Three distinct rates of reaction or growth can be seen 
from the data. Quantitative analysis, however, was not 
performed.
RECOMMENDATIONS
1. Studies where TEOS and ammonia are varied* with 
constant water should be conducted.
2. Quantitative analysis of the data should be carried 
out in order to extract rate constants for the various reac­
tions that occur.
3. Seeded growth studies where the final concentrations 
of all suspensions are equal should be perfomed to so that only 
the moles of TEOS are changirg with time.
4. Conductivity studies should be performed to a greater 
extent in order to further study the kinetics of precipitation.
5. Particles with other basic catalysts or acidic 
catalysts should be studied to understand the surface chemistry 
of these systems in greater detail.
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SAMPLE CALCULATIONS
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APPENDIX B: RAW DATA OF KINETIC STUDIES
KIN112587 KIN112287
larger particles: larger parti cles:
0. 17 M TEOS 0.17 M TEOS
2.0 M water 2.0 M water
1.3 M ammonia 1.3 M ammonia
Dilatometer #1 Dilatometer #1
TIME(min) HEIGHT(cm) TIME(min) HEIGHT(cm)
0 88.972 0 87.128
1.75 89.231 1 87.241
2.5 89.383 2 87.493
3.15 89.456 3 87.602
4.0 89.477 4 87.626
5 89.496 5 87.639
6 89.514 6 87.650
7 89.520 7 87.654
8 white 89.520 8 87.661
9 89.520 9 87.661
10 89.520 10 87.661
11 89.520 11 87.661
12 89.520 12 87.661
13 89.520 13 87.661
14 89.533 14 87.677
16 8^,535 15 87.677
20 89.535 16 87.680
23 89.541 18 87.680
27 89.563 20 87.686
33 89.589 24 87.686
38 89.609 28 87.686
42 89.624 32 87.686
90 89.740 36 87.686
95 89.762 40 37.692
101 89.781 45 87.699
140 89.825 50 87.700
160 89.862 60 87.725
175 89.876 70 87.733
205 89.896 83 87.764
225 89.909 90 87.778
243 89.916 1500 87.831
290 89.916
350 89.916
1500 89.920
KIN0209
larger particles: 
0,17 M TEOS
2.0 M water 
1.3 M ammonia
Dilatometer #2
TIME(min) 
0 
1 
2
3
4
5
6
7
8
9 white
10 
■ X 
12
13
14
15
17
18
19
20 
22 
24 
26 
28 
30 
34 
38 
42 
46 
50 
55 
63 
70 
75 
80 
90 
95 
100 
105 
110 
230 
1000
HEIGHT(cm) 
84.589 
84.863 
85.181 
85.254 
85.338 
85.325 
85.337
85.360
85.360
85.360
85.360
85.360
85.360
85.360
85.360
85.360
85.377
85.377
85.377 
85.389 
85.403 
85.414 
85.424
85.432
85.432 
85.452 
35.471 
85.496 
85.509 
85.521 
85.550 
85.575 
85.586 
85.596 
85.612 
85.643 
85•65o
85.677
85.678 
85.694 
85.701 
85.935
KIN111887 KIN112087
smaller particles: smaller particles:
0.17 M TEOS 0.17 M TEOS
0.75 M water 0.75 M water
0.50 M ammonia 0.50 M ammonia
Dilatometer #2 Dilatometer #1
TIME(min) HEIGHT{cm) TIME(min) HEIGHT(
0 86.577 0 88.793
2 86.782 1 88.963
3 86.909 2 89.320
4 87.007 3 89.453
5 87.046 4 89.513
6 87.069 5 89.546
7 87.088 6 89.561
8 87.102 7 89.570
9 87.111 8 89.573
10 87.114 9 89.573
11 87.114 10 89.573
12 87.114 13 89.573
13 87.114 14 89.570
14 light 87.114 16 89.556
15 white 87 . U 4 18 89.551
16 87.114 20 89.546
22 87.114 26 89.523
27 87.114 32 89.523
35 87.114 40 89.528
235 87.816 44 89.528
250 87.860 48 89.533
325 88.122 52 89.539
355 88.211 58 89.555
385 88.268 62 89.567
397 88.318 70 89.602
407 88.345 75 89.619
429 88.402 85 89.659
452 88.454 105 89.766
917 89.220 120 89.806
1062 89.314 1070 91.750
1092 89.325 1195 91.860
1137 89.383 1340 91.947
1172 89.408 1580 92.005
1302 89.465
1352 89.501
1422 89.539
2622 89.755
KIN042187 KIN042487
water study: water study:
0.17 M TEOS 0,17 M TEOS
1.0 M ammonia 1.0 M ammonia
23.8 M water 13.5 M water
Dllatometer #1 Dilatometer #1
TIME(mln) HEIGHT(cm) TIME(min) HEIGHT(
0 82.447 0 79.594
5.5 81.577 3.5 81.321
6 81.524 4 81.930
7 81.417 4.5 82.145
8 81.293 6 82.156
10 80.857 7 82.045
31 80.681 8 82.031
12 80.605 9 82.021
13 80.446 10 81.980
14 80.372 11 81.919
15 80.247 12.5 81.838
16 80.174 14 81.777
17 80.110 15 81.697
18 80.100 16 81.647
19 80.077 20 81.fir ;
20 80.045 22.5 81.285
22 79.923 24 81.221
24 78.893 26 81.167
26 79.869 28 81.116
28 79.843 30 81.065
30 79.859 32 81.039
32 79.847 34 81.004
34 79.866 36 80.982
36 79.888 38 80.978
38 79.891 40 80.970
40 79.846 46 80.919
44 79.874 50 80.909
48 79.874 54 80.899
52 79.849 73.5 80.806
58 79.833 77.5 80.794
60 79.840 85 80.717
65 79.856 98 80.670
70 79.906 103 80.666
80 79.847 116 80.660
90 79.880 125 80.641
102 79.840 208 80.636
n o 79.809 1500 80.628
123 79.869
135 79.822
147 79.869
170 79.839
1500 79.860
KIN060187 KIN050487
water study: water study:
0.17 M TEOS 0.17 M1 TEOS
1.0 H ammonia 1.0 M ammonia
7.5 M water 3.8 M water
Dilatometer #1 Dilatometer #1
TIME(mln) HEIGHT(cm) TIME(min) HEIGHT(cm)
0 79.464 0 85.691
1 79.657 1 86.008
2 79.899 2 86.379
3 80.140 3 86.570
4 80.219 4 86.759
6 80.266 5 86.839
7 80.402 6 86.894
8 80.452 7 86.960
9 80.444 8 87.055
10 80.463 9 87.103
11 80.458 10 87.157
12 80.460 11 87.197
13 80.435 12 87.230
14 80.424 13 87.264
15 80.404 14 87.285
16 80.385 15 87.304
17 80.353 16 87.323
18 80.337 17 67.341
19 80.314 18 87.375
20 80.291 19 87.419
22 80.258 20 87.449
24 80.223 22 87.504
26 80.184 24 87.545
26 80.143 26 87.583
30 80.114 28 87.627
34 80.063 30 87.678
38.5 80.005 34 87.743
42 79.963 38 87.810
46 79.920 42.5 87.878
50 79.893 47.5 87.942
56 79.838 51 87.981
60.5 79.794 57 88.038
65.5 79.752 64 88.077
71 79.711 70 88.109
77 79.652 74 88.119
82 79.603 eo 88.137
85 88.140
90 86.143
96 88.149
100 88.152
131 88.166
1500 88.120
KINC50687
water study: 
0.17 M TEOS
1.0 M ammonia 
1.8 M water
Dilatometer #1
TIME(min)
12
3
4
5 
4
7
8
9
10 
11 
12 
14 
16 
19 
22 
25 
30 
34 
38 
42 
46 
50 
53 
72 
80 
85 
92 
98 
110  
119 
149 
159 
184 
194 
238 
252 
580 
1500
HEIGHT(cm) 
86.028 
86.259 
86.387 
86.422 
86.462 
86.488
86.490
86.490 
86.493 
86.513 
86.515 
86.522 
86.534 
86.548 
86.576 
86.596 
86.618 
86.647 
86.680 
86.710 
86.739 
86.762 
86.782 
86.608 
86.895 
86.939 
86.969 
87.012 
87.029 
87.085 
87.126 
87.231 
87.305 
87.325 
87.344 
87.442 
87.463 
87.627 
87.640
0
APPENDIX C i  RAW DATA OF SEEDED GROWTH STUDIES
SGI 20986
seeded growth of 
2 ml TEOS injected 
into:
0.17 M TEOS
2.0 M water 
1.3 M ammonia
"larger" 
seed particles
TIME(min) HEIGHT(cm)
0 84.942
2 85.147
3 85.234
4 85.259
5 85.268
6 85.268
7 85.268
8 85.268
9 85.268
10 85.268
11 85.268
12 85.268
13 85.268
14 85.268
15 85.268
16 85.286
17 85.286
18 85.286
20 85.286
25 85.309
30 85.326
35 85.351
40 85.351
59 85.417
69 85.453
76 85.473
85 85.494
90 85.505
97 85.513
900 85.513
SG013087
seeded growth of 
3 ml TEOS injected 
into:
"larger" seed 
particles
TIME(min) HEIGHT(cm)
0 82.789
1 82.961
3 83.144
5 83.224
6 83.224
7 83.224
8 83.182
9 83.182
10 83.182
11 83.199
12 83.199
13 83.211
16 83.224
19 83.248
22 83.267
28 83.292
30 83.307
32 83.311
36 83.330
40 83.359
45 83.387
48 83.407
50 83.420
60 83.474
65 83.494
70 83.512
75 83.534
80 83.550
85 83.560
91 83.583
100 83.622
110 83.648
121 83.650
138 83.683
160 83.739
174 83.747
1800 83.860
SG042087SG020687
seeded growth:
5 ml TEOS into 
larger particles
TIME(mln) HEIGHT(cm)
0 84.969
1.5 85.225
2 85.346
3 85.430
4 85.510
5 85.546
6 85.560
7 85.660
8 85.648
9 85.54810 85.616
11 85.616
12 85.516
13 85.516
14 86.518
15 85.518
16 85.518
17 65.518
18 86.518
21 85.535
22 85.643
24 85.566
26 85.574
28 85.593
32 85.627
34 85.644
37 85.667
39 85.683
40 83.693
42 85.714
44 85.727
46 85.740
48 85.754
52 66.793
54 66.811
57 85.836
60 65.661
66 65.901
70 85.933
75 85.968
80 66.023
85 86.049
90 86.083
95 86.116101 86.165
105 66.178110 86.211
115 66.237120 66.262
126 66.267
130 66.306
144 86.372
149 86.362
159 86.416
164 66.441
366 86.8041440 86.o04
seeded growth:
8 ml TEOS into 
larger particles
riHE(min) HEXGHT(ca)
0 84.189
1 84.611
2 85.076
3 85.320
4 85.449
5 85.536
6 85.683
7 85.621
e 85.652
9 85.672
10 85.668
11 85.705
12 85.720
13 85.739
14 65.758
15 85.770
16 85.784
17 85.806
18 85.817
20 85.837
22 85.854
24 85.883
26 85.906
28 85.927
32 85.956
36 85.978
40 86.000
50 86.065
55 86.107
60 86.140
70 86.200
80 86.263
103 86.404
111 66.452
126 66.616
140 86.611
160 86.708
1000 87.703
*r
APPENDIX Di HAW DATA OF 0TH:SR EXPiCHIP'KNTo
CSO 31187
conduct i vi ty study on :
.17 M TEOS 2.0 M water 1.3 M ammon1 a
TI ME(mln) HEIGHT(cm)0 49.451 . 5 952.5 109.453.5 1254 . 5 134.55.5 1436.5 1488 1549 157.510.5 16111.5 16212.5 16314 1 6415 16416 164.517 164.2518 16419 153.520 16322 16224 160.526.5 158.528 157.2529 156.530 155.531 .5 15433 15335 15137 149.2539 147.540 146.542 14544 143.2548 139.552 136.556 133.560 13165 127.2570 12475 120.7580 117.590.5 112.75100.5 106.5111.5 101.5121 9 6 . 3 5130 9 2 . 6
141 8 6 . 4
1 5 0 . 5 8 5 . 2
182 81 . 4
173 7 8 . 2
183 7 5 . 4
181 7 3 . 7
5 00 5 1 . 4 4
1000 49
KOH033187
kinetic study on:
2.0 M water 0.17 M TEOS 0.001 M KOH
T I M E ( m i n ) H E I G H T ( c m )
0 8 7 . 3 2 8
1 8 7 . 5 9 3
2 8 7 . 8 3 7
3 8 7 . 9 7 6
4 8 8 . 0 5 3
5 8 8 . 1 0 5
6 8 8 . 1 2 3
7 8 8 . 1 4 3
8 8 8 . 1 6 6
9 8 8 . 1 7 4
1 1 8 e . 1 8 3
1 ? 8 8 . 1 8 5
1 3 8 8 . 1 8 5
14 8 8 . 1 8 5
15 8 8 . 1 8 5
16 8 8 . 1 8 5
1 7 8 8 . 1 8 5
18 8 8 . 1 8 5
19 8 8 . 1 8 5
2 0 8 8 . 1 8 5
2 2 8 8 . 1 8 5
2 6 8 8 . 1 6 8
2 8 8 8 . 1 6 8
3 0 8 8 . 1 6 8
34 8 8 . 1 6 8
3 8 8 8 . 1 6 8
4 2 8 8 . 1 6 8
4 8 8 8 . 1 6 8
5 0 8 8 . 1 6 8
5 4 8 8 . 1 6 8
5 8 8 8 . 1 6 8
6 2 8 8 . 1 6 8
6 6 8 8 . 1 6 8
7 0 8 8 . 1 6 8
7 5 8 8 . 1 6 8
81 8 8 . 1 6 8
8 6 8 8 . 1 6 8
9 0 8 8 . 1 6 8
1 0 0 8 8 . 1 6 8
1 0 9 8 8 . 1 6 8
1 3 5 8 8 . 1 6 8
I 6 0 8 8 . 1 6 8
170 8 8 . 1 6 8
1 8 2 6 8 . 1 6 8
195 8 8 . 1 6 8
210 8 8 . 1 6 8
225 8 8 . 1 6 8
240 6 6 . 1 6 8
255 8 8 . 1 6 8
270 8 8 . 1 6 8
285 8 6 . 1 6 6
310 6 8 . 1 6 n
355 6 6 . 1 6 8
600 8 8 . 1 6 6
